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This study investigated the effect of the maximum isometric forces and the maximum 
shortening velocities of the lower limb muscles on the muscular effort during the table 
tennis forehand. Four male collegiate players performed table tennis forehand drives with 
maximum effort. We used OpenSim’s static optimization algorithm to estimate the 
activation patterns of lower limb muscles. The cost function was the sum of squared 
muscle activations for all lower limb muscles, which we will refer to as the muscular effort. 
The simulations were repeated with the maximum isometric forces or the maximum 
shortening velocities of each muscle group changed by ±10% of their original values. The 
results suggest that increasing the maximum isometric forces of the hip extensors and 
adductors may be most effective to reduce the muscular effort.  
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INTRODUCTION: Forehand drive is one of the most attacking shots in table tennis. Table 
tennis court is relatively small, which would possibly require players quicker response 
compared to other racket sports (Apkinar et al., 2012). Previous studies have examined joint 
kinematics (Iino & Kojima, 2009), joint kinetics (Iino, 2018) and EMG activity (Mansec et al., 
2017) during the forehand. However, there is still little information that helps design effective 
strength training programs for table tennis players in light of the specific characteristics of the 
sport.   
The maximum isometric strength and maximum shortening velocity in the muscle’s force-
velocity relation are important mechanical parameters that can affect sports performance. 
Both parameters can be improved by strength training. It is well known that neuromuscular 
adaptations show specificity to different training stimuli (Lamas et al, 2012; Mcbride, Triplett-
Mcbride, Davie, & Newton, 2002). Furthermore, the ability to perform aerobic and anaerobic 
exercise varies widely among individuals (Ahmetov et al., 2012; Saltin & Gollnick, 1983), 
suggesting that both parameters would also show large variability among individuals. Thus, 
clarifying the effect of both parameters on performance in a sport may be helpful for 
designing strength-training programs especially suitable for individuals.  
Human locomotion is thought to be performed while minimizing some form of physiological 
cost. Crowninshield and Brand (1981) found that electromyography activity during gait 
showed substantial agreement with the muscle activity pattern predicted when endurance 
was used as the optimization criteria. Although endurance is not the primary goal of hitting 
and throwing motions in sports, the ability to perform a motion with less effort and high 
endurance would be beneficial because hitting and throwing motions are usually repeated 
many times in a match. Thus, the purpose of this study was to investigate the effect of the 
maximum isometric forces and the maximum shortening velocities of the lower limb muscles 
on the muscular effort during the table tennis forehand.   
 
METHODS: Participants were four male collegiate table tennis players. All participants were 
recruited from a Division I collegiate table tennis team. Mean (SD) age, height and body 
mass were 20.1 (1.4) years, 1.75 (0.03) m and 61.5 (4.2) kg. The task of the participants was 
to hit cross-court forehand drives against backspin balls with maximum effort. Balls were 
projected by a ball machine. The motions of the forehand drives were recorded using an 
eight-camera motion capture system at 250Hz. Ground reaction forces acting on both feet 
were recorded using two force plates at 1,000Hz. One trial per each participant was selected 
for analysis. 
We performed simulations with the open-source OpenSim software package ver. 3.3 (Delp et 
al., 2007; Seth e al., 2011). We used the model published by Lai et al. (2017), who modified 
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the model published by Rajagopal et al. (2016) to simulate movements that involve 
substantial hip and knee flexion. The model was driven by 80 Hill-type muscle tendon units 
(MTUs) (Millard et al, 2013). The maximum isometric force of each MTU was estimated on 
the basis of the muscle’s PCSA with an assumed specific tension of 60 N/cm2. The maximum 
shortening velocities of all MTUs were 10 optimal fiber lengths per second. Actually, the 
lower limb and pelvis part of the model was used and two additional degrees of freedom 
(adduction/abduction and internal/external rotation) were added to the knee joint. First, we 
created participant-specific musculoskeletal models by scaling the generic musculoskeletal 
model to each participant’s anthropometric dimensions. For each forehand trial, we 
generated joint angle trajectories using OpenSim’s inverse kinematics algorithm. We used 
OpenSim’s inverse dynamics algorithm to determine the joint torques of the lower limbs. 
We used OpenSim’s static optimization algorithm to estimate the activation patterns of 
muscles. The cost function was the sum of squared muscle activations for all lower limb 
muscles, which we will refer to as the muscular effort. We repeated the estimations with the 
maximum isometric forces or the maximum shortening velocities of each muscle group 
changed by ±10% of their original values. We divided the lower limb muscles into 10 muscle 
groups; the hip adductors, abductors, flexors, extensors, internal rotators and external 
rotators, knee flexors and extensors, and ankle plantar-flexors and dorsi-flexors.   
 
RESULTS:  Activations of the left (front) lower limb muscles were generally much lower than 
those of the right lower limb muscles (Figure 1). Activation levels of the right gluteus 
maximus, gluteus medius, adductor magnus, semitendinosus, biceps femoris and vastus 
medialis were high during backswing and forward swing phases of the forehand drive.  
 
Figure 1: Activation of right lower limb muscles during a trial of table tennis forehand 
drive estimated by static optimization algorithm with the reference model for a 
representative player. 0 sec in Time corresponds to ball impact. 
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The muscular effort of the lower limbs was reduced most when the maximum isometric 
forces of the hip extensors were increased by +10% (Figure 2). The second largest reduction 
of muscular effort was observed for the 10% increase of the maximum isometric forces of the 
hip adductors, followed by those of the knee extensors, hip flexors, and knee flexors. 
Increases of muscular efforts were observed for 10% decrease of the maximum isometric 
forces of these muscle groups. The magnitude of the change in the muscular effort was 
larger for 10% decrease in the maximum isometric forces than for the 10% increase. The 
changes in the maximum isometric forces of other muscle groups had negligible effects on 
the muscular effort. 
The muscular effort of the lower limbs was also reduced when the maximum shortening 
velocity of the hip extensors and adductors was increased. However, the percent reduction of 
the effort was about a fourth of those observed with the increase of the maximum isometric 
forces.  
 
Figure 2: Percent changes in muscular effort when the maximum isometric forces (Fmax) (A) or 
maximum shortening velocities (Vmax) (B) of each muscle group of the lower limbs were 
changed by ±10% of those in the reference model. “p10” denotes increase by 10% and “m10” 
denotes decrease by 10%. Ext: extensors, flex: flexors, add: adductors, abd: abductors, introt: 
internal rotators, extort: external rotators, pf: plantar-flexors, df: dorsi-flexors. 
  
DISCUSSION: This study examined the relevance of each muscle group of the lower limbs 
for reducing muscular effort during the table tennis forehand drive. The results suggest that 
increasing the maximum isometric forces of the hip extensors and adductors may be most 
effective to reduce the muscular effort of the lower limbs during the forehand. Although 
increasing the maximum shortening velocities of these muscles was also effective to reduce 
the muscular effort, the effect was much smaller than the effect of increasing the maximum 
isometric forces. This may be due to that the lower limb muscles may have exerted forces 
with relatively low contraction velocities and increasing their maximum shortening velocities 
may not have reduced the muscular effort substantially. It is also suggested that increasing 
both parameters of the ankle plantar-flexors and hip abductors have little effect on reducing 
the muscular effort. A previous study suggested the importance of hip joint torques for 
producing a high racket velocity in the forehand drive (Iino, 2018). The finding is consistent 
with the results of the present study. The results may be helpful for designing strength 
training programs for table tennis players. 
There are some limitations in this study. First, although muscle activation patterns of the 
lower limb estimated by the algorithm in human walking have shown substantial agreement 
with observed EMG activity patterns (Crowninshield & Brand, 1981; Glitsch 1997), it is 
unknown if such an agreement is also observed for more forceful and dynamic sports 
movements. Second, we did not consider the effect of the fiber-type composition in the 
model of MTUs, which could affect the muscle mechanical properties. Third, the maximum 
isometric strengths were not scaled to each participant’s specific values. Thus, players and 
coaches should bear in mind these limitations when interpreting the results obtained in the 
present study.   
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CONCLUSION: This study investigated the effect of the muscle maximum isometric forces 
and the maximum shortening velocities on the muscular effort of the lower limb during the 
table tennis forehand. The results suggest that increasing the maximum isometric forces of 
the hip extensors and adductors may be most effective to reduce the muscular effort. While 
increasing the maximum shortening velocities of these muscle groups was also effective, the 
magnitude of reduction of the muscular effort was far less than increasing the maximum 
isometric forces. A future study should validate the assumption of the static optimization 
algorithm by comparing the estimated muscle activations with independent observations 
such as EMG. 
REFERENCES 
Ahmetov, I. I., Vinogradova, O. L., & Williams, A. G. (2012). Gene Polymorphisms and Fiber-Type 
Composition of Human Skeletal Muscle. International Journal of Sport Nutrition & Exercise 
Metabolism, 22, 292–303. 
Akpinar, S., Devrilmez, E., & Kirazci, S. (2012). Coincidence-anticipation timing requirements are 
different in racket sports. Perceptual & Motor Skills, 115, 581–593.  
Crowninshield, R. D., Brand, R. A. (1981). A physiologically based criterion of muscle force prediction 
in locomotion. Journal of Biomechanics, 14, 793–801. 
Delp, S., Anderson, F., Arnold, A., Loan, P., Habib, A., John, C., Guendelman, E. & Thelen, D. (2007). 
OpenSim: Open-source software to create and analyze dynamic simulations of movement. IEEE 
Transactions on Biomedical Engineering, 54, 1940–1950. 
Glitsch, U., Baumann, W. (1997). The three-dimensional determination of internal loads in the lower 
extremity. Journal of Biomechanics, 30, 1123–31. 
Iino, Y., & Kojima, T. (2009). Kinematics of table tennis topspin forehands: Effects of performance 
level and ball spin. Journal of Sports Sciences, 27, 1311–1321. 
Iino, Y. (2018). Hip joint kinetics in the table tennis topspin forehand: relationship to racket velocity. 
Journal of Sports Sciences, 36, 834-842.  
Lai, A. K. M., Arnold, A.S., & Wakeling, J.M. (2017). Why are antagonist muscles co-activated in my 
simulation? A musculoskeletal model for analysing human locomotor task. Annals of Biomedical 
Engineering, 45, 2762–2774. 
Lamas, L., Ugrinowitsch, C., Rodacki, A., Pereira, G., Mattos, E. C. T., Kohn, A., & Tricoli, V. (2012). 
Effects of strength and power training on neuromuscular adaptations and jumping movement 
pattern and performance. Journal of Strength and Conditioning Research, 26, 3335–3344.  
Mansec, Y. L. Dorel, S., Hug, F., & Jubeau, M. (2017): Lower limb muscle activity during table tennis 
strokes. Sports Biomechanics, published online.  
Mcbride, J. M., Triplett-Mcbride, T., Davie, A., & Newton, R. U. (2002). The Effect of Heavy-Vs. Light-
Load Jump Squats on the Development of Strength, Power, and Speed. Journal of Strength and 
Conditioning Research, 16(161), 75–8275. 
Millard, M., T. Uchida, A. Seth, and S. L. Delp. (2013). Flexing computational muscle: modeling and 
simulation of musculotendon dynamics. Journal of Biomechanical Engineering, 135, 1–11. 
Seth, A., Sherman, M., Reinbolt, J. A., & Delp, S. (2011). OpenSim: a musculoskeletal modeling and 
simulation framework for in silico investigations and exchange. Procedia IUTAM, 2, 212–232.  
Rajagopal, A., Dembia, C.L., DeMers, M.S., Delp, D.D., Hicks, J.L., & Delp, S.L. (2016). Full-Body 
Musculoskeletal Model for Muscle-Driven Simulation of Human Gait. IEEE Transactions on 
Biomedical Engineering, 63, 2068–79. 
Saltin, B., & Gollnick, P.D. (1983). Skeletal muscle adaptability; significance for metabolism and 
performance. In L.D. Peachy, R.H. Adrian, R.S. Geiger (Eds.), Handbook of physiology: Skeletal 
muscle (pp.555-631). Baltimore, MD: Williams & Wilkins. 
Seth, A., Sherman, M., Reinbolt, J. a., & Delp, S. L. (2011). OpenSim: a musculoskeletal modeling 
and simulation framework for in silico investigations and exchange. Procedia IUTAM, 2, 212–232. 
 
ACKNOWLEDGEMENT: This work was supported by Japan Table Tennis Association. 
773
36th Conference of the International Society of Biomechanics in Sports, Auckland, New Zealand, September 10-14, 2018
https://commons.nmu.edu/isbs/vol36/iss1/183
